Vertical transmission of dengue viruses by mosquitoes was discovered at the end of the late 1970s and has been suggested to be a means by which these viruses persist. However, it is unclear how widespread it is in nature, and its importance in the epidemiology of this disease is still debated. Here, we review the literature on vertical transmission and discuss its role in dengue's epidemiology and control. We conclude that given the number of studies that failed to find evidence of vertical transmission, as well as mathematical models and its mechanistic basis, it is unlikely that vertical transmission is important for the epidemiological persistence of dengue viruses. A combination of asymptomatic infection in humans and movement of people are likely to be more important determinants of dengue's persistence. We argue, however, that there may be some need for further research into the prevalence of dengue viruses in desiccated, as well as diapausing, eggs and the role of horizontal transmission through larval cannibalism.
Since the 1950s, the incidence of illnesses caused by dengue viruses (DENVs) has increased by 30-fold (Nathan et al. 2009 ). Bhatt et al. (2013) have estimated that there are 390 million human infections and 96 million clinical cases of dengue a year. As such, DENVs have emerged as one of the world's major public health problems, and there is therefore a pressing need to understand the mechanisms by which they persist at a local and regional level. The urbanized Aedes aegypti (L.) is the principal DENV vector, with the more rural Aedes albopictus (Skuse) acting as a secondary vector in most regions (Service 2012) , although a meta-analyses of laboratory and natural experiments by Lambrechts et al. (2010) suggests Ae. albopictus is an inefficient vector of DENVs. Both mosquitoes breed in small containers of water and their eggs are able to withstand periods of desiccation (Service 2012 , WHO 2015a ). The eggs of many Aedes species, including some strains of Ae. albopictus, undergo periods of diapause, but the eggs of many other Aedes species such as Ae. aegypti are incapable of diapause (Service 2012 , WHO 2015a . It is also known that the vertical transmission of DENVs can occur in both of these key vectors (Khin and Than 1983 , Rosen et al. 1983 , Hull et al. 1984 ), but it is unclear how important vertical transmission is to the epidemiology of the disease.
There has been much interest and some debate concerning the epidemiological role of vertical transmission of DENVs within mosquito populations (Rosen et al. 1983 , Joshi et al. 2002 , Pinheiro et al. 2005 , Zeidler et al. 2008 , Adams and Boots 2010 . A significant amount of work is still published on this subject (Espinosa et al. 2014 , Martínez et al. 2014 , Sanchez-Rodríguez et al. 2014 , Yang et al. 2014 , but a review looking solely at vertical transmission of DENVs is lacking. Furthermore, it has been suggested that the monitoring of larvae Aedes mosquitoes for DENVs could be used to predict dengue fever epidemics (Lee and Rohani 2005) . There is clearly therefore a need to examine the role that vertical transmission plays in the epidemiology of DENVs.
The earliest experiments exploring the possibility of vertical transmission of DENVs within mosquitoes date back to the 1920s and 30s (Siler et al. 1926 , Simmons et al. 1931 . These studies suggested that vertical transmission was not possible. The next mention of the possibility of vertical infection, is a citation to unpublished work in a short report by Rosen et al. (1978) , which suggested that transovarial transmission of DENVs had occurred within Ae. albopictus from Hawaii under laboratory conditions (transovarial transmission being defined as vertical transmission via infected ovaries). This finding gave further impetus to experimental studies on vertical transmission which led Jousset (1981) to definitively show that a strain of DENV-2 could be vertically transmitted by Ae. aegypti (see Table 1 ). Shortly afterwards, Rosen et al. (1983) demonstrated in another laboratory study that all four serotypes of DENVs were capable of vertical transmission in Ae. albopictus (see Table 1 ), but in contrast only DENV-1 was shown to be vertically transmitted by Ae. aegypti. Subsequently, Mitchell and Miller (1990) infected three Brazilian strains of Ae. albopictus with DENV-1 and DENV-4 V C Crown copyright 2015. and also found evidence of vertical transmission (see Table 1 ). This initial work indicated that a number of different serotypes could be vertically transmitted. Gubler et al. (1985) showed experimentally that vertical transmission was also possible in another vector, Aedes mediovittatus (Coquillett) (see Table 2 ). Experiments on mosquitoes of the Aedes scutellaris (Walker) group found either low or zero rates of vertical transmission (Freier and Rosen 1987) , whereas Ae. mediovittatus had much higher rates of vertical transmission (Freier and Rosen 1988 ; see Table 2 ). De Souza and Freier (1991) then reported vertical transmission to preadult Haemagogus equinus Theobald (see Table 2 ). It was clear from these early studies that vertical transmission of DENVs was possible in a wide range of vectors within the laboratory.
Laboratory work alone does not demonstrate that vertical transmission has any relevance to the ecology of DENVs. In 1983, Khin and Than found DENV-2 within Ae. aegypti that had been caught in the field as larvae (see Table 3 ), and Hull et al. (1984) found DENV-4 in one pool of Ae. aegypti adults raised from field-collected eggs (see Table 3 ). These studies provided some evidence of vertical transmission in the field, but two further papers at this time cast doubt on this: in an extensive field study on Ae. aegypti and Ae. alboptictus in Bangkok, vertical transmission was not detected in and around the houses of dengue hemorrhagic fever cases (Watts et al. 1985 ; see Table 5 ). A field study in Kelang, Malaysia, also found no evidence of vertical transmission of DENVs in Ae. aegypti and Ae. alboptictus collected around the homes of dengue fever cases (Ramalingam et al. 1986 ; see Table 4 ).
By the start of the 1990s, there was a mixed set of results from the field observations, showing that vertical transmission may occur but casting doubt on how widespread it was, likewise results from laboratory studies demonstrated that vertical transmission occurred but that it was dependent on the strain of DENVs and the mosquito vector (see Tables 1-5 ). There was enough evidence to encourage further studies that took advantage of newer approaches.
Key Issues With Field and Laboratory Studies
In the early to mid-1990s, reverse transcription-polymerase chain reaction (RT-PCR) and enzyme-linked immunosorbent assay (ELISA) began to be used to detect DENVs, replacing previously used immunological techniques. The older techniques required greater laboratory resources and sometimes the use of Toxorhynchites amboinensis (Doleschall) or Aedes mosquitoes to amplify DENVs before the mosquitoes were stained using indirect or direct fluorescent antibody technique (IFAT or DFAT; Kuberski and Rosen 1977) . Rohani et al. (2007) is the only study to compare the sensitivity of different methods of analyzing larval or adult male Aedes for DENV infections. However, no statistical evaluation was presented, and the sampling could be seen as flawed with unequal amounts of larvae from specific sample sites being tested through the different screening techniques. This led to 2,250 larval Ae. aegypti and 2,130 larval Ae. albopictus being analyzed in pools of 10 through immunological techniques in sites where vertical transmission was found compared with only 990 larval Ae. aegypti and 780 larval Ae. albopictus being analyzed in pools of 10 through RT-PCR in sites where vertical transmission was found (Rohani et al. 2007) .
Many studies do not mention using positive or negative controls in their RT-PCR or ELISA screening for DENVs (Tables 1-8 ). If positive controls were not used, there is a danger of false-negative results, similarly false-positive results caused by contamination could occur if negative controls were omitted from the screening process. Several experiments used DENVs that were passed many times through unusual hosts, or Aedes cell lines (see Tables 1-3 and  8) , which may have affected the wider inferences that can be drawn from such studies. Chen et al. (2003) found that passage through a mammalian cell line caused higher nucleotide and amino acid changes in two DENV-2 genes, than passage in Ae. albopictus cell lines or alternating passage through both of these cell lines (it should be noted that this difference was not assessed statistically).
Two further cautionary notes should be made about interpretations made when using RT-PCR followed by gel electrophoresis as a diagnostic tool for DENV isolation. Firstly, careful consideration of primers should be made so as to avoid amplification of related Flaviviruses leading to false positives. Ideally, viral RNA detected by RT-PCR should be followed by confirmation through sequencing, viral antigen detection through IFA, or other such techniques, to avoid such false positives. Many of the studies reviewed herein did not take either of these precautions (see Tables 4-7) . Secondly, the detected DENV RNA could for the most part belong to nonfunctional DENV particles (Choy et al. 2013 ). This second point would also be the case for quantitative real time reverse transcriptase-polymerase chain reaction (qRT-PCR), as well as RT-PCR.
A significant number of studies calculated MIRs or MLEs (see Box 1) by combining data from all DENV serotypes (see Table 6 ), and given that different serotypes of DENVs may be horizontally or vertically transmitted at different rates, as well as being present in different ratios within the mosquito population, this could lead to an inaccurate estimation in the rate of vertical transmission of DENVs. The data on DENV infection rates in mosquitoes, used for calculating the MIR or MLE, varied greatly. Many studies calculated MIRs or MLEs for specific months in specific areas, whereas others calculated these statistics for combined data. This makes comparing surveys of DENV infection rates difficult. The ecology of different areas varies, thereby making standardization by a specific area, for a specific length of time, not necessarily relevant. However, if future studies attempted to standardize sampling methodologies, it would nevertheless be easier to compare infection rates among studies.
Diapausing and Desiccated Eggs
As stated in the Introduction, the eggs of both Ae. aegypti and Ae. albopictus can withstand desiccation, but only certain strains of Ae. albopictus eggs undergo diapause (Service 2012 , WHO 2015a . The vertical transmission of DENVs to either diapausing or desiccated mosquito eggs could provide a reservoir of DENV capable of persisting through seasons of low adult vector abundance. In laboratory experiments using Ae. albopictus and Ae. aegypti , the VTR for DENV-2 was higher if eggs were desiccated for 1-2 mo (see Table 1 ). However, both these studies lacked a statistical analysis, and the sample size was either small or not mentioned. Guo et al. (2007) found that DEN-2 was replicating in nondiapausing Ae. albopictus but not in diapausing Ae. albopictus (see Table 1 ) and suggested that DENVs could be surviving in diapausing eggs in a quiescent state. Questions remain on whether infection in diapausing or desiccated eggs is detrimental to the pharate embryo (Adams and Boots 2010) . The work of Joshi and Sharma (2001) and Joshi et al. (2002) suggests that vertically acquired DENVs could have a detrimental effect on a mosquito's mortality rate and fecundity, due to lost resources and damage through the viral infection. Some laboratory studies have demonstrated that horizontally acquired DENVs can also have a negative effect on Ae. aegypti longevity and fecundity (Maciel-de-Freitas et al. 2011 , Sylvestre et al. 2013 ), but others have found no effect on Ae. aegypti Where multiple infection rates were taken for the same type of host species, at the same stage of life cycle, the range of sample sizes and infection rates are listed.
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Offspring of a single female. Specimens caught in the field and raised to adulthood in the laboratory are listed with the acronym (RAL). mortality rate (Carrington et al. 2015) . As such, not only is there a need to assess the efficiency of DENVs transmission to eggs, but any effects on the fitness of vertically infected mosquitoes, including mosquitoes that survive diapause or being desiccated as eggs.
Selection Across Multiple Generations
Several laboratory studies have demonstrated that DENV-1-3 can persist across several generations through vertical transmission, and that it can be selected for (Shroyer 1990 , Joshi et al. 2002 , Wasinpiyamongkol et al. 2003 , Rohani et al. 2008 ; see Table 8 ).
However, it is unclear if selection of vertical transmission of DENVs was selected for within the mosquito host or the virus, and it remains unknown how important is such selection in nature.
Field Studies Comparing Horizontal and Vertical Transmission of DENVs
Data from the field on DENVs in adult female mosquitoes and either the rate of infection in adult male or preadult mosquitoes would allow vertical transmission rates to be inferred. However, the studies that survey such subgroups of the Aedes population have run into problems that have prevented this. Like the previously mentioned study by Watts et al. (1985) , many field surveys failed to find evidence of vertical transmission (Ilkal et al. 1991 , Chow et al. 1998 , Romero-Vivas et al. 1998 , Pinheiro et al. 2005 , Chen et al. 2010 ; see Table 7 ) or suffered from a poor sample size (Guedes et al. 2010 , Vilela et al. 2010 , Mulyatno et al. 2012 , Das et al. 2013 ; see Table 7 ). Many field studies that detected DENVs in both adult and larval mosquitoes suffered from flaws, making a crude inference of the rate of vertical transmission difficult. Thavara et al. (2006) , for example, stated that serotypes DENV-2-4 were found, but did not present the proportions of each serotype (see Table 7 ). Other than identifying the one pool of female larvae as positive for DENV-2, Thenmozhi et al. (2007) were unable to identify the serotypes of DENV found. As such, we lack sufficient data comparing adult and larval infection in the field. Therefore, field studies have not been able to quantify the VTR of DENVs from comparing the infection rates between field-caught larval or adult male Aedes with fieldcaught adult female Aedes. This may well stem from the fact that in the field, vertical transmission is so low that the sampling effort needed is often impractical (see Tables 3-7) .
Vertical Transmission Followed by Horizontal Transmission Between Larval Mosquitoes, Via
Cannibalism of Dead or Living Infected Larvae Bara et al. (2013) examined the horizontal transmission of DENVs among mosquito larvae. Bara et al. (2013) contaminated the larval growth environment with DENV supernatant or DENV-infected tissue culture with viral supernatant. Both Ae. aegypti and Ae. albopictus were susceptible to three serotypes. Bara et al. (2013) inferred that infection had occurred through ingestion of the DENVs. Given the low viral titers needed for horizontal transmission in these experiments, it would seem possible for larvae to become infected via cannibalism of living or dead vertically DENV-infected larvae. Although this could contribute to the persistence of DENV, it should be noted that in order for the oral transmission of DENV in Aedes larva to occur, the already rare event of vertical transmission of DENV must have occured. This work may also suggest that the rates of vertical transmission in the wild could be an overestimate.
Field-Based Studies That Found No Evidence of Vertical Transmission
Many field studies have found no evidence for vertical transmission of DENVs (Watts et al. 1985 , Ramalingam et al. 1986 , Ilkal et al. 1991 , Chow et al. 1998 , Romero-Vivas et al. 1998 , Pinheiro et al. 2005 , Hutamai et al. 2007 , Zeidler et al. 2008 , Chen et al. 2010 ; see Tables 4 and 5) . Typical of these studies is Zeidler et al. (2008) , who used ovitraps to collect Ae. aegypti mosquitoes in an area with intense DENV circulation, but were unable to detect DENV (see Table 4 ). Both Zeidler et al. (2008) and Chen et al. (2010) used their negative findings and those from studies that either found low or none existent VTRs of DENVs to suggest that the movement of people may play a greater role in the epidemiology of DENVs than vertical transmission. Given the possible reporting bias against negative studies that did not find vertical transmission, the fact that there is such a large body of published studies that did not find evidence of vertical transmission of DENVs, suggests that vertical transmission is often absent or very low (typically <10/1,000 MIR or MLE), even in areas with high incidences of dengue fever. Furthermore, the vast majority of field studies that did find evidence of vertical transmission required a large sampling effort (running from the 100s to the 10,000s; see Tables 3, 6, and 7). Both of these facts point to the vertical transmission of DENVs having little effect on DENV epidemiology, especially when considering theoretical work discussed later.
Relative Rates of Vertical Transmission in
Ae. albopictus and Ae. aegypti
In comparing laboratory DENV-2-infected Ae. albopictus with Ae. aegypti, de Castro et al. (2004) showed that Ae. albopictus (56/1,000 MIR) had a higher VTR than Ae. aegypti (17/1,000 MIR; see Table 1 ), leading to de Castro et al. (2004) to suggest that Ae. albopictus could be playing a role as reservoir for DENV through vertical transmission. In previous laboratory work, however, Lee et al. (1997) found Ae. aegypti, but not Ae. albopictus larvae positive for DENVs (see Table 1 ), suggesting that Ae. aegypti had a higher rate of vertical transmission. A field study by Kow et al. (2001) found a VIR of 1.33% for adult male Ae. aegypti and a VIR of 2.15% for adult male Ae. albopictus (see Table 6 ). A field study by Joshi et al. (2006) found a VIR of 9% for immature Ae. albopictus but did not find any DENV infections in immature Ae. aegypti (see Table 6 ). Likewise, field work of Das et al. (2013) suggested higher rates of vertical transmission in pupal Ae. albopictus (DENV-3 1.5/1,000 MIR, DENV-2 2.27/1,000 MIR, DENV-2 5.8/1,000 MIR, DENV-2 6.09/1,000 MIR) than pupal Ae. aegypti (DENV-2 2.63/1,000 MIR, DENV-2 2.6/1,000 MIR; see Table 7 ). However, neither field nor laboratory studies presented statistical analyses comparing the larval infection rates of Ae. albopictus and Ae. aegypti. If vertical infection was indeed higher in Ae. albopictus than Ae. aegypti, then Ae. albopictus could be acting as a reservoir, but so far, there has been no statistical evidence supporting this. It should also be noted that a metaanalysis by Lambrechts et al. (2010) suggests that Ae. albopictus may not be an important vector of DENVs. Specimens caught in the field and raised to adulthood in the laboratory are listed with the acronym (RAL).
Where multiple infection rates were taken for the same type of host species, at the same stage of life cycle, the range of sample sizes and infection rates are listed. Specimens caught in the field and raised to adulthood in the laboratory are listed with the acronym (RAL).
Where multiple infection rates were taken for the same type of host species, at the same stage of life cycle, the range of sample sizes and infection rates are listed. Although field and laboratory studies have shown that vertical transmission of DENVs occurred, mathematical models can provide insight as to whether vertical transmission is important to the epidemiology of DENVs and point toward needed empirical work. The first model to examine vertical transmission of DENVs was by Esteva and Vargas (2000) . They suggested that vertical transmission favored endemic dengue fever and could be important in areas of low human density. However, Esteva and Vargas (2000) used very few VIRs, and none were comparable with VIRs that can be derived from the values listed in Tables 1-8 . Subsequently, the mathematical models of Coutinho et al. (2006) suggested that vertical transmission could aid DENVs in surviving through seasons of low adult vector populations, although DENV did not persist in the populations of both host and vector in the long term. It should also be noted that Coutinho et al. (2006) assumed an unfeasibly high FIR of 50%; as stated in Box 1 FIRs for Ae. albopictus and Ae. aegypti when not selected for are <5% (see Table 1 ). An extensive modeling treatment of the impact of vertical transmission on the epidemiology of DENVs was given by Adams and Boots (2010) . Overall, they concluded that with the VIRs generally seen in nature, it would be unlikely that vertical transmission was important to the ecological dynamics of DENVs. Only the exceptional high rates of DENV infections in larvae seen by Angel and Joshi (2008) (8.4% VIR, 11.2% VIR, and 15 .9% VIR seen in larval Aedes vittatus Bigot, Ae. albopictus, and Ae. aegypti, respectively) would affect the epidemic persistence of DENVs in a range of general models (see Table 6 ). However, Adams and Boots (2010) did highlight the importance of conducting further research into vertical transmission of DENVs to diapausing or desiccated mosquito eggs as a possible role in DENV persistence. Charron et al. (2013) found that at the population level, persistence of DENV over many years could be achieved, even through seasons of lower adult vector abundance, if there was a high VIR to a diapausing insect vector, with relatively high adult vector numbers in unfavorable seasons. However, Charron et al. (2013) cite values for parameters from a review conducted in 1987 when more up to date studies were available. As a whole, mathematical modeling suggests that only high levels of VIR are likely to significantly impact the epidemiology of DENVs and that the most important role may be persistence in diapausing eggs.
Predicting Dengue Fever Outbreaks by Monitoring Preadult Mosquito Populations for DENV Infections
After finding a rise of DENV infection in preadult mosquitoes before human cases, several field studies have suggested that the monitoring of preadult Aedes for DENV infection could be used to predict dengue
Box 1. The Measurement of Vertical Transmission
It is important to understand that in the laboratory experiments reviewed in this study, there are three ways of measuring vertical transmission. The first is the vertical transmission rate (VTR) that is defined as the proportion of infected parents that produce at least one infected offspring. The second is the filial infection rate (FIR) that is defined as the proportion of infected progeny produced from infected parents, given that vertical transmission has occurred. The third is the vertical infection rate (VIR), which is the VTR multiplied by the FIR. In many of the field surveys and laboratory studies reviewed in this study, the sample size of specimens is so great and due to limited laboratory resources, specimens were analyzed in pools or groups. The simplest way of calculating the infection rate (IR) for pools of mosquitoes is the minimum infection rate (MIR; listed per 1,000s), which is the number of pools positive for infection divided by the total number of individual specimens tested. A few of the surveys reviewed here use the more statistically powerful maximum likelihood estimator (MLE). It should be noted that pool size can affect the accuracy and the range of possible infection rates estimated. For example, with 5 out of 200 mosquitoes positive for an infectious agent, if analyzed individually, this would produce an MIR of 25/1,000, analyzed in pools of 10 the MIR could range from 5-25/1,000, analyzed in pools of 50 the MIR could range from 5-20/1,000, and analyzed in pools of 100 the MIR could range from 5-10/1,000.
MLE was devised by Chiang and Reeves (1962) and improved by Walter et al. (1980) and Le (1981) and is generally seen as an improvement on MIR (Gu et al. 2003 , Katholi and Unnasch 2006 . At a high infection rate and a high pool size, MIR's assumption of a positive pool representing only one infected individual can lead to an inaccurate estimate of the infection rate; MLE relaxes this assumption (Gu et al. 2003 , Katholi and Unnasch 2006 . demonstrated that varying the pool size combined with MLE led to a more accurate measure of infection rate. However, at lower rates of infection (as seen in this review), there is likely to be very little difference between MIR and MLE (Gu et al. 2003) . One study by Le Goff et al. (2011) does calculate MIR and the more statistically based method of true infection rate (TIR). TIR like MLE does use a maximum likelihood procedure. As can be seen in Table 3 , Le Goff et al. (2011) found a very similar infection rate when calculating MIR and TIR, for DENV 1 and 3 in adult Ae. aegypti caught as larvae. Similarly, where possible, we calculated the MIR for the few studies that calculated infection rate using MLE, for example, Chen et al. (2010) and Das et al. (2013) . Chen et al. (2010) found a MLE for adult female Ae. aegypti of 0.97/1,000, where we calculated a similar MIR of 0.97/1,000 (see Table 4 ). Likewise, Das et al. (2013) found MLEs of 8.92/1,000, 6.09/1,000, and 2.63/1,000 for DENV-2-infected female adult Ae. albopictus, Ae. albopictus pupae, and Ae. aegypti pupae, respectively. We calculated MIR of 8.9/1,000, 5.8/1,000, and 2.6/1,000 for DENV-2-infected female adult Ae. albopictus, Ae. albopictus pupae, and Ae. aegypti pupae, respectively (see Table 7 ). These findings would seem to support the assertion of Gu et al. (2003) that there is likely to be very little difference between MIR and MLE when infection rates are low and when pool sizes are similar.
Despite the key issues highlighted in the main body of the text, the ease of carrying out more modern DENV detection techniques has led to a burgeoning literature on various aspects of vertical transmission of DENVs. In Tables 1-8, we summarize these studies. Laboratory and field studies find generally low rates of vertical transmission (MLEs and MIRs of <10/1,000), with MIRs and MLEs typically ranging from less than single digits to low double digits per 1,000. The VTR in Ae. albopictus and Ae. aegypti, when not selected genetically, ranges from 0-41.2%, and the FIR is <5% (see Table 1 ). VTR and FIR in uncommon dengue vectors ranges greatly from 12.4-94.7% and 0.1-20.3%, respectively (see Table 2 ). fever outbreaks (Lee and Rohani 2005 , Thongrungkiat et al. 2011 , Martins et al. 2012 . However, none of these studies demonstrate a statistical association between the rise of DENV infection in preadult mosquitoes and a subsequent dengue fever outbreak (Lee and Rohani 2005 , Thongrungkiat et al. 2011 , Martins et al. 2012 . There is also a high degree of variation in the length of time between these two events, both within and between these studies (Lee and Rohani 2005 , Thongrungkiat et al. 2011 , Martins et al. 2012 . As suggested by Zeidler et al. (2008) , after finding no signs of vertical transmission of DENVs, when you consider the sampling effort undertaken in finding samples of Aedes species infected with DENVs through vertical transmission (running from the 100s to the 10,000s of samples) and the low rates of vertical transmission seen in the field (see Tables 3-7) , using such a monitoring system to warn of future dengue fever outbreaks becomes economically and logistically unfeasible.
Summary and Future Directions
Given the evidence from mathematical models and the number of studies that failed to find evidence of vertical transmission, vertical transmission is unlikely to be important for the persistence of DENVs at a local or regional level. A combination of asymptomatic DENV infection in humans and the movement of viremic people may well be more important in virus recurrence.
A review by Grange et al. (2014) of asymptomatic infections found that 20-97% of DENV infections were asymptomatic; the mean percentage of infections that were asymptomatic in cohort studies was 76% and for index cluster studies it was 37% (Grange et al. 2014 ). This underreporting of DENV infections may not just be due to asymptomatic infection but also misdiagnosis, as many of the symptoms of dengue fever are similar to other viral illnesses (WHO 2015b). DENVs may also go extinct in certain areas and then be reseeded by viremic human movement from other areas where DENVs still persists, leading to DENVs becoming extinct at the local level but being maintained at the regional level. Cummings et al. (2004) found that DHF cases seemed to move in a wave emanating from Bangkok at a speed 148 km/mo. Furthermore, Gubler (2004) suggested that Cummings et al. (2004) work was evidence to support the hypothesis that DENVs are maintained in large urban centers and move to smaller communities after periodic extinctions. A metapopulation model by Adams and Kapan (2009) showed how patches of large vector populations can act as hubs and reservoirs of DENV. Increased movement of viremic humans among these patches increases the influence of the large vector population patches in establishing new foci of transmission. Stoddard et al. (2014) found that low-level transmission of DENV occurred throughout the year, as evidenced by the occurrence of clinical illness, in the small city of Iquitos, Peru. Combined with the review by Grange et al. (2014) , this would suggest that DENVs persist though seasons of low vector capacity in large enough towns or cities (Gubler 2004) at a low level, with most human DENV infections being unreported due to either a mild range or complete lack of symptoms. Furthermore, Stoddard et al. (2013) and Reiner et al. (2014) demonstrated that in the light of Ae. aegypti's spatial heterogeneity and lack of dispersal (Rodhain and Rosen 1997 , Getis et al. 2003 , Harrington et al. 2005 , Maciel-de-Freitas et al. 2010 , human movement was responsible for the spread of DENVs. DENV-infected humans who are asymptomatic are likely to be more mobile than those who are symptomatic. As such, the movement of asymptomatic DENV infections may reseed DENVs to an area after its extinction at small spatial scales, leading to DENVs persistence at the larger scale.
Although movement of viremic humans and asymptomatic infection in humans may be more important than vertical transmission for persistence of DENVs at both local and regional levels, there are still areas to be investigated to fully understand the role of vertical transmission in the epidemiology of DENVs. Before such investigations take place, rigorous tests of the sensitivity of the different molecular and immunological screening methods in detecting DENVs in larvae and other life stages is needed. Further work on this would not only shed light on the best morphological stage for detecting vertically acquired DENVs, but also determine if vertically acquired DENV can be cleared by the mosquitoes during their lifecycle. Within the laboratory, Nelms et al. (2013) measured significantly higher rates of vertically transmitted West Nile Virus (WNV) when screening first-instar larvae of the Culex pipiens complex than adult Cx. pipiens, suggesting that WNV infection was lost in development from larvae to adult.
Field work aiming to quantify the rate of vertical transmission from the proportion of DENV-infected adult female mosquitoes and larval or adult male mosquitoes has so far either lacked a large Box 2. The Mechanistic Basis of Vertical Transmission of DENVs Rosen (1987a) suggested that infection of Aedes would have to take place after the development of the egg, via the micropyle, during fertilization at the time of oviposition, due to the fact that the eggs begin to develop as soon as the bloodmeal is taken. Once developed, the eggs are surrounded by a thick chorion.
Evidence countering this came from Chen et al. (1993) , who used immunoflourescent techniques to stain the organs of orally and parenterally DENV-1-infected Ae. albopictus and Ae. aegypti. Infections were found in the female ovarioles, oviducts, and accessory glands (Chen et al. 1993 ), suggesting that vertical infection may not be at oviposition during fertilization (Rosen 1987a ) and possibly may be true transovarial transmission. Rosen (1987b) also found that male Ae. albopictus were able to transmit DENVs to their offspring and suggested that these findings support his previous suggestion (Rosen 1987a ) that vertical transmission occurs at fertilization. Chen et al. (1993) and Tu et al. (1998) (who used IFAT and electron-microscopy to study the reproductive system of DENV-2-infected male Ae. aegypti) found that the male testes, vas deferens, seminal vesicles, and accessory glands were infected, but the spermathecae were not, possibly due to a chitinous barrier (Chen et al. 1993 , Tu et al. 1998 ). This suggested that the vertical transmission of DENVs from male mosquitoes may not be through spermathecae.
Using RT-PCR and Western blot screening for DENV E protein, Zhang et al. (2010) detected no DENV-2 replication in the ovaries of intrathoracically infected Ae. albopictus. Zhang et al. (2010) suggested that the lack of viral replication in the ovaries may explain why vertical transmission occurs at such a low rate and that further study on the mechanism of vertical transmission may shed light on this. enough sample size or adequate statistical analyses. However, the low rate of vertical transmission and the sampling effort seen in the tables may make such work logistically difficult (also see Box 2). Research into detecting DENVs in larval Aedes as a dengue fever epidemic warning system is not a priority, as such a system would be economically and logistically unfeasible. The possibility of vertical transmission of DENVs to larvae, leading to the horizontal transmission of DENVs between larvae via cannibalism of larvae, needs to be further explored as a possible contributing factor in the persistence of DENVs. Furthermore, there is a lack of work on vertical transmission of DENVs into diapausing or desiccated eggs and the impact of DENV infection on their survivorship. Data on this area are lacking despite the fact that if vertical transmission is likely to have any effect on the maintenance of DENVs then it will be through diapausing or desiccated eggs. Overall, however, it must be stated that the low rates of vertical transmission seen (typically <10/1,000 MIR or MLE) in the field and its mechanical basis (see Box 2), the sheer sampling effort in obtaining such results (running from 100s to 10,000s of samples), as well as the many field studies that found no evidence of vertical transmission of DENVs would point to the vertical transmission of DENVs being of little importance to the epidemiology and persistence of DENVs.
